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\ S ABSTRACT

kY . S

As a. part of an investigation of the electrlflcatlon of powderv in tlow
through tubes and nozzles, a charge analyzer has been designed, con-
structed, and tested. The charge analyzer has two electrodes at » o, e
+1000 volts wath. respect to ground At a stationary state. the curre_nt -
from each electrode is equal fo the rate of depos1t10n of charge. The

two currents are recorded and 1ntegrated with & planimeter. The
clectrodes are weighed on a micro-balance for determmatlon of the -

amount deposrted The nozz]e is located at one end of the pa:r of
electrodes L T . e -

IR
«

Fxperlments have been conducted with several airborne powders, in’
the range 1 to BOM of l,artwle diameter, flow1ng through a hypodermlc
needle of 0.8 mm diameter and 3"t length of flow ratés between 50
and 500 cc/min. The average p051t1ve charge, the average negatlve
‘charge, and the.average abuolute charge are pI‘OpOI‘thI’lal to the square
~of the [low rate. The charge is-all acquired in friction between the
powder particles and a depozit on the tube wall. Average char@eé
up to 0.01 C/g have been measurcd.” The charge is'smaller the greater
the extent of agglomeration of the. powder. - It depends as much upon-.
agulomeration as upon the nature of the powder '
t follows that litcrala> kit on aerosol charges deter.miﬁed with
- amples in slow rect e Slow,, e. g.. by a cap.llary tube or a slit”
systefn, are mlsl(,d(llng and rmay be too low by many orders of magmtude

o

o
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INTRODUCTION

Powders flowing th'rough pipes and nozzles acquire electrostatic charges
as a result of friction. The charges on individual particles may have
large positive and negative valucs, but-the net charge of the péwdcr is
usually small. There is a variety of effects of these charges, e.g.,
explosion hazard and agglomeration. They are therefore of technical as -
well as general scientific interest. - " B

The magnitude and the distribution of tize'Charg'és' depend upon the nature .
of the powder and the flow conditions. These relations are currently
under investigation in our laboratory under contract with the U. 5. Army
Chemical Center. The work includes the study of the general mechanism.

" of electrification and the determihation of the charge situation with parti-

- cular powders undér particular flow conditions. This report covers one

phase of the work, namely the development of a technique fer the study

~ of charges on powders flowing through a pipe and emerging from a nozzle.

In crder to place this particular task in its context, a few comments on
the general program may be warranted.

As a result of the flow conditions at the wall and of at_t_réction and ad-
esion between powder and wall, the wall of the pipe or nozzle becomes

_ ';\Loated withvthe powder material.- The bulk of the powder particles
. emerging therefore do not touch the wall but acquuw their charges ‘through _
. friction agamst 'thS coat on the wall or against one another.l:2)" “In

order to simulate these conditions, expornnents ‘have been conducted with
5mm glass bcadc rolhng along a glass tube. The charge on each indivi dual
bead is then recorded by means of a Faraday cage and a recording elec—
trometer.. The results of this investigation have been reported else-
where 3 4) In view of their bcar1ng upon the suchct of this report they

will be brleﬂy summar 17ed here.

T

‘The beads had a b1moda1 charge distr 1but1on the net f‘harge being close
- to-zero. Curves were plotted of average absolute charge g against time

interval between beads, time spent in the tube, and relative hurnidity of

‘the air. These curves showed simple relations. The charge g was pro-

portional to the square root of the frequency, i.e., the inverted value -
ot the time interval between beads. This is equivalent to proporﬁonality
between charge and square root of flow rate. The same presentation was
tried for the average p051t1ve charge q, and the average negative charge
q_.. but these plots were not so simple. The ratio q4 /q. and the perceéntage
of positively charged beads followed the same law, although these quantities




0395 04708)SP
Page 2

assumed constanl valucs above a ceriain frequency 3}, q was also found
to be a-lincar function of the square root of the time spenf by each bead
in the tube and of the squarc 'roort of the relative humidity of the air at
very low humidities, and on the inverse value of this quantity at higher
humidities 1), Thesc results permit a simple electrochermical interpre-
tation 37O ' '
in addition to elucidating the mechanism of electrification, these experi- 7
ments are very helpful in the development of an experimental technique '
for the study of electrification of flowing powders. First of all, the
1nitial charges of the beads had no effect upon the final charges as the
beads emerged from the tube. Consequently, in the study of electrifi-
cation of flowing po‘wdrers it i's not necessary to remove the charges from
the powder before it enters the pipe. This conclusion is borne out by
observations with flowing powders. Second, the charge of the beads, and
presumably also of the powder, is adequately described by the averages

~ of pos:tive, negative, and absolute charges and by the nurnbers of posi-
tively and negatively chargec particles. This conclusion is also borne -
out by the experiments wlth flown}g powders. '

it follows that ‘the- obJec.Lwe at hand the cffects of the properties of the
powder and the flow conditions upon the elec‘trif]catlon of flowing powders,
requires an cxper imental teghmque that separates pos1t1ve negative,

and nculral particles and measures their rclative amounts and the charge
per-gram of the pOblt]Vt and negative fractions. A Complete analysis
1in terms of charge and particle size distribulions is not required by

this objcctive. In particular, the particle side or the particle size
distribution would be among the properties of Lhe,})owder to'be varied

and indepcendently determined, )

An important consequence is Lhat the obscrvation ofrin(-l'ivid_ual -particleb‘
and the determination of Chalge and size oi individual particles are not
required by the objective. it is our expericnce that the observalion of
individual particles, e. g. . 1in the assesswent of aerosol particle size,
is almost prohibitively tedious and sirenuous. The teechniques for charge
measurements described in the hterature are almost ail based upon the
observation of individnal particles. This may z2ccount for the scarcity
of data of the type required by the objective of this investigation.

Reference may be given Lo an ingeniously simple technique for chargé
“neasurements on {lowing powders developed by Nash et al 6:. This E
technique meets the requ1rcmc,n_tb Just outlined, butit is ]1m1 ted to very
high densities of the siream of powder and to pov'v"'de'r_s' of uniform size.

1 . - o
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The powder flows {reély through a nozzle. ¢.pg . in the botiom of a
container, and between two planc clectrodes with a suitablc voliage
berween them.  The cylindrical stream of powder is spread out as a fan
of a density that varies with the distance to the vertical. A photograph
15 taken of this fan at a staticnary state. The photograph is evaluated
in a recording densitometer. The deflection of the densitometer is
proportional to the blackening of the film and thereby to the density of
the fan  The record thus gives.a picture of the charge distribution in
the powder. - For a uniform particle size, this picture comes close to
the actual charge distribution. ' '

It is easy to criticize this technique. Variations in particle size,
turbulence of flow, and velocity components in the dircction of the field
are obvious sources.of error. The error 1s hittle., however, a_s com-- )
pared to that of a technmique that-involves sampling of the flowing powders.
‘As already pointed out, the charges on the powder when it emerges from
the pipe are indepéndent of the charges on the powder when it enters the
pipe. This applies equally to the flow of a sample through a sampling
tube. Consequently, technigues based on sampling of the p_owder lead to -
errors in the order of magnitude of the charge. Indeed, the rmeasured
charge of the samplg may not he related at all to the charge of the sampled
powder. Hence, we rmay conclude, the technique of Nash et al is
comparatively acc rate. A careful scarch of the literature has fa11ed to
reveal any other L. hmquo that docs .not involve sampling

"Nevertheless, the error of. 1Tlcassuf'e1"rlent Iimits the technique of Na,'_s_h

et al to quahitative or secmiquantitative cvaluation .of the effects.of - o
powder properties and [low conditions upon the chargc. Even so it has
yielded valuable information on these effects. But the error of measure-
ment does not permit quantitative measuréements of the accuracy required
for the study of the mechanism of clectrification.

Our tcchnique was conceived and developed simultaneousliy and indépen-
dently. It is similar to the technique of Nash et al in the respect that the
enlire stream of powder is analyzed. But it differs in the method of
analysis of the stream of powder. Our charge analyzcr has two collector
electrodes, on which all the charged particles are deposited. and a
neutral filter, on which the neulral particles are collected. The collector
electrodes are connected to batieries through high resistances At a
stationary state, the current flowing through each resistor 1s equal to

the rate of deposition of charge on the correspond:ing collector electrode.
The currents from the two collector electrodes are recorded. Integration
ol the records gives the two total charges. The collector electrodes are
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then weirghed [for determ:nation of the amount of .powder deposited.  in
this way the average positive charge per gram and the average negative
charge per gram arc determined. - )

I'his technique is accurate because it 1involves the measurements of
weight and current only, both being inherently accurately measurable.
it suffers, however, from the difficulties encountered in measurements .
at high re'sist_a'n-ce's, namely, maintenance of good msulation and sensitivity
to mechanical vibrations. Theésc difficullies have been fairly successfully
resolved.i The technique has in additlron: the advantage of high speed. Two
operators, one weighing. the other operating the analyzer and the flow
system, can rnake ohe determination’in 20 rmnutes. '

- The design and construction of the charge analyzer are described in
Section 2. Results obtained.in testing the charge analyzer are given in .
Section 4. : "

2. DESIGN AND CONSTRUCTION OF THE CHARGE ANALYZER

A diagram of the charge analyzer 1s given in Figure 1. The air strcam
carrying the powder particles enters through a hypodermic needle, '
passes between two collectors, ahd leaves through a filter paper. The
collectors are connected to two batteries of = 1000 volts with the mid-
point connected to ground.  The charged particles deposit on the collec- -
tors, and the neutral particles on the filter paper  The deposits-on
collectors and filter paper are weighed on an Ainsworth microbalance.
The charges deposited on the collectors are bled off to ground through
resistances of the order of 1010Q, and the voltage drops across the
resistances are recorded. Two General Radio de amplifiers and two
Esterline -Angus recorders arc used. one sct for esch collector. The
resistances are the input resistances of the amplifiers. These can be
selected between 100 and 1611 Q" The de amplifiers have a sensitivily
range from 30 mV to 10 V in steps-of a factor of 3. In order fo avoid
elecirical coupling between the collectors cach collector is surrounded
by a ground. connected shield with a slot along the maddle to admit the
particles onto the collector.  To the same purpose. the batlteries and
the leads to the collectors ave carefully shicided

Figure 2 shows the collector and shield assembly. The collector elec-
trode 18 mounted on a strip of 0. 6 mm brass shim. which slides in grooves
in the shield, and is insulated from the brass shim by a | mm thick"’



0395-04(08)SP -

Page 5
S - [ J#-momm e -

| !

| !

| |

' I

| |

{ COLLECTORS |

]

l

| [

| I

| | o

SCREEN | } SCREEN

| !

} |

L I

i |

| |

I L
o T H T
| T H AEROSOL  STREAM i J_ !
L A i |
H : |
! ¢ *? ! _FJ |
I | | E— ) |
U Lo e e e e — d

‘ 7777 777
RECORDING

ELECTROMETER

Figvre 1. Diagram of Chargr* Aralyzer.



‘Alqwiassy p1oIys pue 103091100 7 sanfrg

S

0395-04(08)SP

Page 6

e
NS
W
e
ey
ozt
N
b ron et
- parasr .
B -
poere -
ety by
w——
——
——
e
Punias
pecrs




1395 04.08.59

Page 7

plexiglass sheel.  The collector electrode 1s cemerted to the plexaiglass,
and the plexiglass is cemented to the brass shim. The collector clec
trode has the shape of a 1 mm wide, 3 mm high ridge of copper shim,
ot-which almost all of the deposit 1s collected, and an aluminum posinted
area of the p‘lexiglass adjacent to it for collecting such particles as may
miss the copper ridge. The copper ridge ends with a piece of copper
‘wire that makes contact with a spring countact in the base of the analyzer.
The purpose of the ridge is to give a field concentration in the slot in the
shield, into which it penetrates. As a result of this field concenfration,
particles that would otherwisc have deposited on the shield are pulled
through the slot onto the collector. The deposit on the shield. at the
edge of the slot, has been negligible in the experiments made so far with
flow rates of up to 500 cc/min. The shield is machined out of 3 mm
sheet copper. The slotted side is 1 mm thick, the width of the slot is

3 mm, the thickness of the sides holding the collector is 2 mm. The
distance between thé collector and the slotted side of the shield is 2 mm.
The length of the assembly is 100 mm. The assembly is rugged and
maintains the collector straightandat a well defined distance from the
shield.

The collector and shield assemblies slide into grooves in a ground-
connected heavy brass frame shown in Figurc 3. This mounting assures
that each assembly is held straight and in a fixed position. The distance
‘between the shields is 4 mm. The brass [ramece i3 soldered onto a brass
cylinder. Electrical connection to the collectors is effected by spring
contacts mounted on pfexiglass insulators with longest possible creep
paths to the brass. The leads arc clamped 1n plexiglass blocks screwed
onto a 5 mm brass plate at the other end of the brass cyhinder. They
terminate in banana contacts that plug into conneciors with the batteries.

The hypodermic neoedle, through which the powder 1s introduced, 1s
inserted in a snug hele in the brass frame. i1 1$ scaled by the compression

of a rubber gaskect.

The frame is shiclded by a copper cylhinder that screws onto the brass

cylinder. " The filter holder screws onto the other end of the copper
cylinder. The filter paper rests on a (it hrass screen. the edge of

which 1s pressed against a ring at the end of the copper cylhinder. Sealing
is.cffected by a conical rubber gasket. 'The filter holder terminates in
- a b mm brass tube that connects 10 a [low meter and a pump.



0395 -04(08)SP

Page 8

‘22B]g Ul AjquIossy m_:mﬂ.sm pDUB 10322(]00) 2u( yiim tezArzuy 3o ydeidojoyd ‘¢ oandiyg




L0395 - GH{08)5 )
- Papce 9

Figure 4.

Figure 4 shows a simplified diagram of one collector circuit. It con-
sists essentially of a capacitance in series with a resistance and a
battery. The charge is deposited on one electrode of the capacitance (the
collector), At a stationary state, the current in the circuit is equal to
the rate of deposition of charge. In a transient state, at start and end
of a run, the currentis, of course, affected by the time constant RC of the
circuit. This time constant is of the order of I second at 101082, and
the delay at beginning and end is therefore not important over a 60
second run. The time constant causes a smoothing of the recorded
current, which is of advantage in planimetering the record for deter-
mination of the total charge collected. - The distortion of the current
record at beginning and end does not materially affect the area of the
current record. '

The current is also atfected by changes in the capacitance at a constant
charge. Consequently, the instrument is inherently sensitive to vibra-
‘tions, and the sensitivity of the charge measurement is determined by
the noise level introduced by vibrations. Accordingly, great pains have
been taken to eliminate the effects of vibrations of the building. Thus, .
the charge analyszer itself has been constructed rigid and to close toler - '
ances of the g'ﬁh‘“’“*‘ in the frame and in the shields. The leads to the
batteries are weall supported 2 mm coppcr'wires. A necessary pre-
caution against vibrations is to avoid the use of coaxial cables, parti-
cularly flexible coaxial cables. Rigid coaxials built from brass tubing
and brass rod with telescope junctions were trie- It was found that it
was best to use no cable at all but to plug the amplified input connector
directly into the connector on the baitery box.
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Another disturbance is caused by poor msulation. A constant insula -
tion resistance of a magnitude of 100 times the measuring resislonce
introduces a negligible error of 1%. and the constant current throhgh
it can be compensated for by the zero adjustment of the amplifier.
Constant insulation resistances encountered are generally high encugi.
Variable insulation resistances are more harmful since they increasec
the noise level and cause drift of the instrurmnent. These are cccasionally
produced by dirt settling on insulators, particularly the connectors
between amplifier and battery. The most important cause of poor
insulation is moisture. It was found necessary to use dry air in the
analyzer and as carrier of the powder, particularly at high sensitivity
settings of the amplifiers. The insulation resistance did not affect the
measurements once it was learned how to maintain good insulation.

With the precautions mentioned the instrument could be setl at 30 mV
and 1011Q with a tolerable noise level. This setting corresponds to
full deflection of the recorder for 3 x 10-13 amps.

TESTING OF THE CHARGE ANAL"YZER

The charge analy zer was tested by measurements on powders of MgQO,
NH4C1, polyvinyl chloride, and Buerker's powder. The nominal
particle diameter of the first three powders 1s approximately 1 p, but
owing-to agglomeration, the actual particle size was much larger,
including particies of abeut 10pu. Agglomeration was particularly
extensive in the polyvinyl chloride, where hardly any small particles
remained unagglomerated. 1t was least with MgO. Buerker's powder

- is a mixture of 1 part.of carmine {1 ), 9 parts of {flower of sulfur

(1 to 30pu), and 5 parts of lycopodium (32 ). This powder was developed
for the determination of the polarity of charged object-, negative objects
‘attracting the yellow components and positive objects attracting the red
component. The lycopodium is added as a deagglomerating agent”’).
However, agglomeration is extensive, and the lycopodium particles are

coated with carmine.

The airborne powder was sucked 1nto the analyzer at different pumping
speeds between 50 and 500 cc/min through a hypodermic needle of
stainless stecl. In thesc tests, the length and the diamet! cr of the tubing
were kept constant at 3 fect.and 0.8 mm. respectively
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The Buerker powder and the polyvinyl chloride powder were handled

with air conducted over Dryerite., The MgO was produced in ambient

air. The NH4C1 was produced from the vapors of a.ciueaus solutions

of NH3 and HC! and was consequently suspended in air nearly saturated
‘with wate1 vapor. This led to poor insulation in the charge analyzer,

but the NH4C1 was highly charged and could be analyzed at a comparatively
small input resistance of the amplifier, 10892 . The MgO was still

more charged and was analyzed at the same resistance, 108§ .

Different teéhniqueé were used for mixing the powders with air and -
making them airborne. The MgQ was produced by burning a strip of
Mg metal in a glass cylinder. NH4CIl was produced by blowing HC1
vapor into a chamber, into which HN3 vapor had been blown previously.
Buerker's powder was stirred up in a rotating glass drum and blown
into a’vertical brass cylinder, 2.5 in. in diameter and 5 feet tall, at an -
air velocity of 4000 cc/min. The latter method was tried for dispersing
the polyvinyl chloride, but the material agglomerated very badly and
-stuck to the wall of the drum. Whatever material reached the brass
cvlinder stuck to the wall. Another method was then adopted, shown

in Figure 5. The powder is poured into a brass cylinder, diameter

1.5 in., length 6 in., that is suspended in rubber bands and shaken

by an excentric arm on a motor shaft. Air is blown into and through
the tube at appro'xi-mately.ZOOO cc/min. ' '

Figure 6.shows a typical current record. The areas of these records

were measured with a planimeter. The weight-of the deposit was be-
tween 0.1 and | mg.  Ordinarily, a deposit of this size was obtained in
one minute. At low particle densities, it took two minutes at the low-
est flow rates. The ifollowing -quantities were determined: '

weight of positive deposit in one minute iw +
weight of negative déposli’t in one minute w.
total weight of deposits in one minute W = w,obw
positive charge collected in one minute Q,
pbsitive charge per gram of positive d-eposif collected in one minute

Q
_I_
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‘negative charge collected in one minute Q

negative charge per gram of negative deposit collécted in one

_minute
Q
7%

total absolute charge collected in one minute Q

absolute charge.per gram of total deposit collected in one minute

-1
W
In no gase was there a weighable amount deposited on the filter. There

were thus very few neutral particles.

. TEST RESULTS

Since all thé particles in the sample are deposited on the two collectors
~ the total weight deposited in one minute, W, is proportional to the flow
rate v, provided that the density of the aerosol expressed as weight of
- solid per volume of air is constant. Plots of W against v are given in
Figure 7. The density variations are supprisingly small, ,,aithough there .
are noteworthy deviations from the straight lines in several instances.
Thus, the data for Buerker's powder indicate two slightly different
densities. o o '

This sirmnple relation does not necessarily hold for the positive and
negative deposilts separately, for the charge distribution may depend
upon the flow rate. With one constituent of the powder, it turns out
“that wy and w_ are proportioﬁal to v ar shown in Fﬂigures 8 to 10. But
"for Buerker'spowder, Figure 11, w_., which is small and does not
noticably affect the plot of W, reaches a constant level at 100 cc/min.
It appears that the negative carmine attaches itself increasingly to the .
positive sulfur and lycopodium as the charges increase with the flow
rate,

The charge depcnds'uPon the flow rate as to both magnitude and distri-
bution. Figure 12 shows plots of the absolute charge-per gram, ¢, as

a function of v¢, For MgO and polyvinyl chloride, g is closely propor-
tional to v2. :
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Figure 8, Positive Deposi. w . (x) and Negative Deposit'w_ (@) in

One Minute for MgO as Functions of Flow Rate v.



0395-04({08)SP.

Page 17

X

0089

g

ao@ieyg moOTd JO SUOWIUN T s® [ HN L0) S3nulyy sun
Ul {@) “mIts0doqg aatefay puw ! 1

" 3tsedegr eautsos 4

= =
QLM.Omh. ,

oot ooz

9’0




0395-04(08)SP
~Page 18

e~

S 2

- W, W.. |
x O

mg -

400 600
v ce/min

Figure 10. Positive Deposit w, (x) and _Negati\}e Depositw  (®) in
One Minute for Polyvinyl Chloride as Functions of Flow Rate v.
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for Buerker's Powder as Functions of Flow Rafe v. :
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Better plots are obtained for the positive and negative charges
separately, Figures 13-and 14. For MgQ, NH4C1, and polyvinyl
chloride, g4 and . are proportional to v4, For NH4C], the data for
q. are inconclusive. The data for Buerker's powder, Figure 15, indi-
cate that"both 9+ -anﬂ q- are proﬁortional to —\ ”v‘.

An 1mp0rtant result is that the plots of q, q4, and q_ extrapolate to zero
atv 2 0. Hence,_ ther_e is no-charge at zero flow velocity. This was also
found tp +hold for the charges on. glass beads referred to in Section 1.

In all these cases, thke Charges rmeasured are all acquired by friction

in the'tube and are entirely 1ndependent of the state of charging beforc
’entermg the tube.

It is interesting to note that q, g4 » and q_ are essentially independent

of the density. Forinstance, the density of the MgO sample at 400 cc/min
is less than half thé normal density, but the values of q, q4 , and g. do
not deviate appréciably from the normal values. 1t follows that the
charges are-acquired in collisions between particles and tube wall and

not in COlllSlOIlS among the parhcles themselves:

Buerker's powderris an apparér\t exception to th"ese rules. Figure 16
shows a plot of Q against v. "This plot is a good straight line. Comparing
this plot with that of W agamqt v i Figure 7, one finds that g is indepen-
~dent of v and that g increases with decreasulg density. Figure 17 shows
a plot of g against v.. There appears to be two constant values of q,;
namely g = 4.5 pC/g at-the’ ‘higher den%)ty and q = 6.2uC/g at the lower
density. On the other hand, -the plots of Q4 and Q. in Figures 18 and
19 indicate that Qg is Dropornonal to v and g4 therefore mde]pendwent of
v, whereas {)_ 1s.proportional to f,_w__and q. therecfore also proportional
to ~-“'\jﬁvﬁ Howevér, both q; and g. seem to be.-proportional to v,
Figure 15. The data are not quite’ conc]lus;ve and their proper pre-

" sentation and their mtcrpretatmn should be deferred until more extensive
,'cxpellence has been gamwed w1th compwomte powderq

DISCUSSION OF RESULTS

The data obtained show conclusivel'y that both charge and charge dis-
tribution depend upon the flow rate. In particular, there is no charge

at zero flow velocity, and all of the charge measured 1s acquired in

the flow through the tube, motably by collisions between particles and tube
wall.
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Figure 14. Pos'itive'Charge iaer Gram Positive Deposit,rq#, as a Function

~of Square of Flow Rate, v. © MgO, X 'NH4C1,
+ Polyvinyl Chloride. :
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Figure 15, Positive Charge per Gram Positive Deposit, q,: (x) ard Negative Charge
per Gram Negative Deposit, q_, (9) as Functions of Square Root
' - of Flow Rate, vV, for Buerker's Powder.
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" Figure 16. Total Absolute Charge, Q, as a Function of Flow Rate, v,
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The powder is probably charged beforc cntering the tube, but this initial
charge is lost in the tube. Hence, there is no relation between the charge
measured and the initial charge of the aerosol.

This result is gratifying to the purpose at hand, the study of cha'rgés,
acquired in the flow through tubes and nozzles, because it obviates the
removal of the initial charge as a separate operation. It has some less
gratifying consequences to such data reported in the literature as were
obtained by sampling through a hypodermic needle at very low flow rates.
Accordingly, such data may be too low by many orders of magnitude.
This subject will be discussed in detail in the Appendix.

The chargés per gram of powder at a flow rate of 300 cc/min are
summarized in Table 1.

Table 1. Charges Measured at a Flow Rate of 300 cc/min.

, Material , o q q, q_ Green and Lane &)
| EMC/E uClg pClg uClg
,,r.ngo  so0 400 600 ' 1.6
NH,C1 | ' 120 50 200 2
VPO;“Lyvinyl Chloride 5 5 5
Buerlker“:s powder 6 ' 57 14

The data quoted by Green and Lane ¢ ) were probably obtained at a flow
rate of 0.1 cc/min. Sachsse ' has reported a value of 1.7 x 109

uC/g for MgO powder stirrcd up by blowing. This value is much higher
than ours but not incredibly high. At 500 cc/min we found much higher
charges than thosc given in Section 5 and in Table 1, of the ovder of

5 x 104 uC/g, probably as a result of reduced agglomeration at this high
flow rate. ' '

A comparison betwcen the different materials shows that the charge 1s

~very much affected by agglomeration. The materials are given in

Table 1 in order of increasing agglomeration. According to Sachssel!
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the charge per particle is proportional to the surface area, and q should
therefore be inversely proportional to the particle size. This factor is
small, however, as compared to the effect of neutralization of charges in
the agglomerates., "

The average charge is certainly small as compared to the highest charges
in a random distribution. The most highly charged particles are parfic-—
ularly likely to agglomerate. These two factors reduce the charges
measured very much below the average charges in the unagglomerated
powder and enormously as compared to the highest charges. '

Our charge values are up to four ofders of magnitude larger than those
generally considered in serosol theory. Yet, our data are a\}eragés
after aggloxneré.tion. A still higher average, 1.7 x 109 pC/g has been -
given by Sachqcel) for MgO. Sachsse's work is discussed in the Appenchx
It is well possible that charges of this magnitude may occur before
agglomeration. If such is the case, the theory of aerosols needs some
drastic modification with respect to the role attributed to elec’rrostav
charges and electrostatic forces.

No attempt will be made at interpreting the emp.rical relations between
charge.and flow velocity. Additional information is required for the
interpretation Such information will be collected in the application of
the charge analyzer within the mveshgahon presented in Section 1, for
which it was constr ucted )

CONCLUSION

The test results indicate that our charge analyzer meets the require-
ments given in Section 1. It is convenient enough te work with in order.
to permit collection of data on the scale regquired in systematic work.

it has an accuracy well compatible with its purposc. it permits measure-
ments over wide ranges of charge and flow rate. The main lirmtation
is its sensitivity to humidity, inhecrent with measurements at high resis-
tances. On the other hand, it is necessary 1n the flow of powders through
pipes and nozzles to keep the humidity low in order to prevent caking of
the powder. '

The test results show that the charge measured is all acquired in the

flow through the inlet tube and bears no relation to the charge and charge
distribution of the powder before entering the inlet tube. This facilitates.
the measurements of charges acquired in the flow through tubes. By the
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same token it throws suspicion on data obtained by sampling <ofaerosols
through narrow tubes or re ctifying slits. 1t appears that fail-ure to
recognmze this effect has led to gross underestimates of the mnagnitude

of charges on powder particles and, as a consequence, of the contribution
of electrostatic charges to agglomeration of powder and aero sol particles.
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REVIEW OF THE LITERATURE

The literature on the subject of electrostatic charges and their effects "~
upon aerosols has been reviewed by Green and Lanel). 1In the following
that . review will be supplemented and extended with a view to the results
“and conclusions presented in this report '

There are two main techniques for measuring electrostatic charges.
Both are based upon the observation of individual particles and upon a
relation between particle size and deflection in an electric field. The
oldest and most extensively used method is that used by Millikan and’
others for the determination of the charge of an electron. The particle
is then suspended in a vertical field that is adjusted' so as to bal .uce

the force of gravity. In a.variation of this method, the particle falls.
freely in a horizontal electric field, and the deviation of its path from
the vertical is measured. A special variant, using an alternating field,
is known in this country as the Hopper-Laby method. The other

method uses an indirect method for the determination of the tragectorxes
of the part1c1es in 2 horizontal field. In the instrument developed by
Rohmann and Gillespie and Langstroth, 1, 2),' the particles are collected
on the electrodes and the deviation of the trajectory from the vertical

is calculated from the location of the particle on the electrode. in the
instrument developed by DallaVaile et al 1,3.4) the density decay of a
beam of particles is mcasured along its d1rect1on by means of light -
scattering and a pbotoelectric- cell. - This method is; of course, limited
to aerosols of a uniform particle size, since the light scattering does
not distinguish between number of particles and size of particles.

“The instruments of Gillespie and Langstroth and-of,.Daila.Valle are
described fairly completely in the book by Green and Lane 1}, In both
cases, it is essential that the particles have a known initial velocity.
perpendicularly to the field and no velocity compenent in the direction
of the field. It is therefore necessary to rectify the flow and to avoid
turbulence. This problem has been solved, in both cases, by sucking
the aerosol through a hypodermic needle at a small flow rate and by
providing a sheath of air around il as it emerges from the needle, which
has the same linear flow rate in the space between the electrodes as
that of the aerosol in the hypodermic needle. Were it not for this sheath
of air, the aerosol would expand and acqulre a velocity component in the
direction of the field. '
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The fléw velocity in the hypodermic needle is of the order of 0.1 cc/min.
These instruments have yielded charges of the order given in Table 1
of Section 6, 1 or 2pC/g for q; and q_.:

The method of observing the trajectories of individual particles has been
used by numerous investigators. In most ¢z ses of study of aerosols,
the aerosol :1s sampled through'a hypodermic needle and introduced into
‘the instrument. The results are not noticeably different from those just
quoted. Of -,.ons1dera.b1y greater interest are the investigations, in which
-'the acrosol has been generated in immediate vicinity of the measuring
chammbear.. Outstanding among these is an investligation by Sachsses},
- In these experiments, deders were st:rred up. by blowing air at.them,
"in a contairer that was connected with the measuring chamber through a
.simple hole in the bottom. The sketch of the ‘apparatus given in Sachsse's
paper indicates that the hole had a large diameter as compared to the
thickness of the bottom and as "cofnpared to the field of view of the ob-
servation microscope. Hence, it may be assumed that many particles
fell through the hole without h:tting the edge Sachsse reported values
of qy 7nd q. of 5 x 1013 ¢su/g = 1700 C/g. in Sachsse's experiments,
there v 1s no rectification of flow. ' ,

: : _ -
Similar P\{pel imeénts have L)E‘( 11 reported by Kunke1 and Hansen - ©°8),
The powder was blown off a .;poon In a chamber lmmedtately above the
obser. »iion 7cnamber and fell through a h(_)le in the bottom, justas in
Sachsse’s experiment. However, there was a channel of unspecified
~dimen-ions, terminated by.a slit of 1 x. 5 mm¢4 opening and 0.2 mm thick,
between the two chambers. Furthermore, the slit was made of glass
it can b surmised that most of the particles hit the slit edge. The
ave: 1o« charges were of the order of 1 pG/g with a few smaz!l particles.

Scav ging up to 5pC/g-

it 15 hard to evaluate un instrument or an experimental technique on
the basis of a brief description and withou t-actually testing t. ‘The
cage Fand 15 comparatively simple, however, because we have
vm,cqt gatled the tlow of the acrosol lhrou gh a sampling tube very much
the s& nc as those used by Gillespre and Langstroth and by DallaValle
¢t al. who did not, and could not, do this because of the reguirement
of larunar flow imposed by- their measuring technique. We have found
that the charge measured depends upoun the flow rate. and that the charge
mea%u“,d 1s all acquired in the sampling {ube. " This resull pertains to
the sasupling as such and 1s equally apphcab]e to all measur:ng techn:-
ques that may be’ employed after sampling. o ‘
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The charge values given by those investigators 1, 2-4, 9, 10) 34¢
probably highly accurate, but they pertain to the sample in the analyzer
and are not related to the charges in the initial aerosol,

The resthilts of Kunkel and Hansen and others using similar techniques,
are more difficult to evaluate. Whenever a rectifying device is in the
path of the aerosol, the aerosol palhc‘les will collide with its surface.
Otherwise it would not rP hﬂ the flow. It is conceivable that it takes
time or a number of collisions to affect the charge of a particle, and

that a short slit may therefore have much less effect than a long narrow
tube. However, the charge values given by Kunkel?} are similar to those
“given by Gillespie and Langstroth and by DallaValle et al, and they are’
smaller than Sachsse's values by a factor of 109. Sachsse did not use a
‘rectifying device. The effect of the slit seerns to have bothered Kunkel
and _Hansen6),' who refer to the width of the slit as a critical factor.

It follows from this discussion that sampling tﬁrough narrow tubes and
rectification of flow may be ruinous to charge measurements with
aerosols. //Before giving credence to values obtained under such condi-
tions, it should be demanded that the effects of sampling and rectification
be adquately appraised.
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